Impacts of elevated ground-level ozone (O 3 ) on nitrogen (N) uptake and allocation were studied on mature European beech (Fagus sylvatica L.) and Norway spruce (Picea abies [L.] Karst.) in a forest stand, hypothesizing that: (i) chronically elevated O 3 limits nutrient uptake, and (ii) beech responds more sensitively to elevated O 3 than spruce, as previously found for juvenile trees. Tree canopies were exposed to twice-ambient O 3 concentrations (2 × O 3 ) by a free-air fumigation system, with trees under ambient O 3 serving as control. After 5 years of O 3 fumigation, 15 NH 4 15 NO 3 was applied to soil, and concentrations of newly acquired N (N labelled ) and total N (N total ) in plant compartments and soil measured. Under 2 × O 3 , N labelled and N total were increased in the bulk soil and tended to be lower in fine and coarse roots of both species across the soil horizons, supporting hypothesis (i). N labelled was reduced in beech foliage by up to 60%, and by up to 50% in buds under 2 × O 3 . Similarly, N labelled in stem bark and phloem was reduced. No such reduction was observed in spruce, reflecting a stronger effect on N acquisition in beech in accordance with hypothesis (ii). In spruce, 2 × O 3 tended to favour allocation of new N to foliage. N labelled in beech foliage correlated with cumulative seasonal transpiration, indicating impaired N acquisition was probably caused by reduced stomatal conductance and, hence, water transport under elevated O 3 . Stimulated fine root growth under 2 × O 3 with a possible increase of below-ground N sink strength may also have accounted for lowered N allocation to above-ground organs. Reduced N uptake and altered allocation may enhance the use of stored N for growth, possibly affecting long-term stand nutrition.
Introduction
Tropospheric ozone (O 3 ) can be toxic to plants with consequences for health and productivity of forest trees (Reich 1987 , Lefohn 1992 , Matyssek and Sandermann 2003 , Wittig et al. 2009 ). Risks globally increase for vegetation since O 3 levels are prognosticated to stay high or even rise further (Dentener et al. 2006 , Fowler et al. 2008 , thereby exceeding international thresholds (IPCC 2007) . Effects of elevated O 3 concentrations on tree growth and physiology are mediated through the leaves, where O 3 is taken up by the stomata, resulting in reductions in photosynthesis, changes in carbon (C) allocation from leaves to other organs, as well as accelerated leaf senescence (e.g., Reich 1987 , Matyssek and Sandermann 2003 , Karnosky et al. 2003 Kitao et al. 2009 ). Such responses may trigger indirect effects on roots, mycorrhizae and soil processes (Andersen 2003 , Karnosky et al. 2003 , Pregitzer et al. 2008 , Nikolova et al. 2010 , with potential consequences for uptake and allocation of nutrients such as nitrogen (N; Samuelson et al. 1996 , Luedemann et al. 2005 , Zak et al. 2007b .
Research paper
While most physiological studies of the effects of O 3 on carbon and nutrient allocation in trees have focussed on juvenile stages, the responsiveness of mature trees is still under debate. However, knowledge about abiotic stress impact on mature trees in forest stands is essential for developing sustainable forest management. Deciduous European beech (Fagus sylvatica L.) and evergreen Norway spruce (Picea abies [L.] Karst.)-both of high ecological and economic importance in Central Europe-differ sharply in their growth strategies. With its wide ecological amplitude, shade tolerance and high growth plasticity, beech can out-compete even fast-growing trees like spruce . Beech also benefits more from disturbance, e.g., gap formation in the stand, than spruce (Reiter et al. 2005) . However, seasonal resource demand and turnover are higher in deciduous than evergreen trees (Matyssek 1986 ). Therefore, beech may be more susceptible to stress-induced resource limitation than spruce. In addition, seasonal N cycling and storage pools differ between beech and spruce (Millard and Grelet 2010) , with the regulation of N uptake being complex in both species (Geßler et al. 1998 (Geßler et al. , 2004 . Under chronic stress, trees may change their resource allocation in favour of defence, with possible long-term effects on competitiveness (cf. Herms and Mattson 1992, Matyssek et al. 2005 ). Responses to O 3 such as reduction in stomatal conductance and photosynthesis, and accelerated leaf senescence, as found in mature beech and spruce trees, have been inconsistent in space (e.g., within tree crown) and time (Nunn et al. 2005b , 2010a . At the present study site, beech appeared to be the more susceptible species to chronic O 3 exposure with respect to physiological responses at leaf and at the whole-tree level (Pretzsch et al. 2010 , Matyssek et al. 2010b ).
The present study aimed, therefore, at clarifying effects of chronically enhanced O 3 levels on N uptake and cycling in mature beech and spruce trees in an established forest ecosystem. Trees were exposed to elevated O 3 levels for eight consecutive growing seasons by means of a free-air O 3 fumigation system at the research site 'Kranzberger Forst' (Nunn et al. 2002 , Karnosky et al. 2007 ). In the sixth year of O 3 fumigation, soil underneath control and fumigated trees was labelled with 15 N (in July 2005), to measure N uptake and distribution in the soil-tree system, including mycorrhizal associations, over the subsequent 16 months. It was hypothesized that: (i) chronically elevated O 3 limits nutrient uptake by mature beech and spruce trees, and that (ii) N uptake by beech responds more sensitively to elevated O 3 than by spruce. Because previous studies on N status under elevated O 3 have focussed predominantly on either above-or below-ground processes, a whole-tree approach was pursued in this study of potential alterations in N uptake and allocation by examining the involvement of different tree and soil compartments in N cycling. To this end, allocation of newly acquired N was related to the total N status per compartment.
Materials and methods

Study site
The study site 'Kranzberger Forst', SE Germany (48°25′12″N, 11°39′42″E; 485 m a.s.l.), is located in a mixed forest dominated by mature Norway spruce trees with groups of European beech. In 2005, trees on average were 62 (beech) and 52 (spruce) years old (Wipfler et al. 2005) . The site is characterized by long-term (1998-2009) annual mean air temperature of 8.3 °C and precipitation of 844 mm per year, with daily mean temperature during the growing season of >10 °C (LWF 2010) . The soil is a luvisol derived from loess over tertiary sediments, characterized by silty clay loam, and pH of 3-4 in the upper soil (Pretzsch et al. 1998) , providing homogeneous growing conditions within the study site. Nutritional status of the study trees being monitored before and during the course of the O 3 experiment (Göttlein et al. 2009 ) was within the optimum range for Central European forests (Göttlein et al. 2012) . Nutrient concentrations of beech and spruce foliage prior to the O 3 experiment are given in the supplementary data (Table  S1 , supplementary data available as Supplementary Data at Tree Physiology Online).
Throughout the growing seasons (April-September) of 2000-07, canopies of five adjacent beech and spruce trees were each treated with an experimentally enhanced O 3 regime, released from a free-air canopy exposure system above an area of 10 × 10 m (Nunn et al. 2002 , Karnosky et al. 2007 , Häberle et al. 2012 . The free-air canopy O 3 exposure system was operated by using a tubing set-up for experimentally enhanced O 3 release and did not affect the micro-climate of beech and spruce canopies , thereby avoiding further bias across study trees. In addition, intense monitoring of the O 3 fumigation by a dense three-dimensional grid of passive samplers documented the even O 3 distribution of both regimes within the stand Fabian 2002, Heerdt 2007 
Experimental set-up
In total, 20 trees, 5 each per species and O 3 treatment, were studied in terms of N and C/N, out of which 12 were selected for 15 N labelling (3 each per species and O 3 treatment). In July 2005, 10 g 15 NH 4 15 NO 3 (98 atom% 15 N), i.e., 3.6 g N per tree, dissolved in 70 l of rain water was spread onto the soil surface within a plot of 1 m 2 at a distance of c. 50 cm from the trunk of each tree. Aliquots of the labelled solution were applied on 7 different days within a period of 3 weeks, in order to reduce rapid leaching and denitrification, and preventing excess supply of N to roots and microbes. The total amount of 3.6 g N per plot provided to each tree was regarded as too small to induce a fertilizing effect at the whole-tree level. Prior to labelling, leaf litter was removed to ensure homogeneous infiltration into the rooting zone, and was re-spread on the respective plots after the 15 N application. During labelling, the plots were covered with 1 m 2 polystyrene plates to avoid desiccation.
Predominant uptake of the labelled N by the 12 target trees was successful despite competition in the forest stand. This was shown by the high recovery-calculated on the basis of modelled biomasses (Rötzer et al. 2009 ) and measured N fluxes-amounting to 72%, with, on average, 24% recovered in the target trees, 34% in the soil and c. 14% in the surrounding neighbouring trees (R.B. Weigt, unpublished data).
Sampling and measurements
Plant and soil compartments were sampled at several dates as shown in Table 1 .
Above-ground compartments Leaves, current-year (0 year) and 1-year-old (1 year) needles and buds in sun and shade crowns were sampled from the 12 labelled trees, and, additionally, from the 8 unlabelled trees in order to assess the distribution of 15 N. Pooled samples of 4 leaves (beech), 15-20 needles (spruce) and 4-5 buds per sun or shade branch were analysed for incorporated labelled N (=N labelled ), N total and C/N ratio. Up to four branches were chosen from different compass directions per tree in the sun crown, and one or two in the shade crown (as shade branches were less available). Since the 15 N supply was concentrated to an area of 1 m 2 soil per tree, the label was not evenly distributed within the canopy. Consequently, for comparison between species and O 3 regimes in terms of N labelled incorporation, branches with highest N labelled concentration were used at each sampling date, as those were regarded to be supplied best by the roots of the labelled plots. Abscised leaves of beech were collected from nets wrapped around the branches. Fruits were found only in two beech trees, while no cones were formed in spruce during the two sampling years.
Young twigs of up to ~5 mm in diameter were sampled once from the sun and shade crown of the trees. In spruce, 0-year and 1-year twigs were sampled separately. Twigs from sun crowns were split further into bark (i.e., secondary phloem, primary tissues and periderm) and wood (xylem including parenchyma cells) for detailed labelling assessment, whereas shade twigs were analysed as a whole.
Stem cores were taken at breast height using a wood borer of 5.15 mm in diameter and 30 cm length, and were separated into living bark and wood as described above. In spruce, the outer bark (i.e., the rhytidome with dead peridermal layers) of ~2-3 mm in width was removed macroscopically from the other bark tissues and excluded from analysis. Such multilayered dead outer bark is not produced by beech as a socalled periderm tree species. The wood was further separated into the total incremental part of the years 2000-06, which were the years of the preceding experimental 2 × O 3 treatment (wood ozone ), and the wood formed before 2000 (wood pre-ozone ). These three parts of the stem cores were analysed separately for N and C.
Xylem sap for 15 N determination was collected in July 2006 from twigs of the sun crown of 15 N-labelled trees using a Scholander pressure chamber. Xylem sap was freeze-dried prior to N and C analysis. Phloem sap was sampled by extraction of stem bark cores that were incubated in a buffer solution containing 15 mM polyphosphate (for details see Grams et al. 2011) and processed for N and C analysis as described above.
Uptake of labelled N in foliage correlated with crown transpiration as derived from xylem sap flow measurements at stem breast height of same trees or, in the case of spruce under 1 × O 3 , of morphologically similar trees at the same study site (Metzger 2011) . Sap flow rate was measured every 10 min Ground-level ozone differentially affects nitrogen acquisition and allocation 1261 Granier 1987) .
Roots and soil
About 16 months after 15 N application, roots and soil were sampled from the plots and separated by soil horizons or layers as shown in Figure 1 . The upper organic layer of undecomposed or partially decomposed organic matter (O i ) was separated from the lower organic layer of decomposed organic matter (O a ), which was evident only in spruce plots. The mineral B horizon was further separated into layers of 10-20 cm width down to a depth of 90 cm. In each plot, five replicate samples per horizon were taken using metal frames (20 × 20 cm, 15 cm in height) in the upper horizons, and by soil cores in the deeper horizons (one replicate consisting of two adjacent cores which were pooled to enhance root biomass for analysis). Soil cores from the B horizon were taken down to 30 cm depth with five replicates per layer. Between 30 and 90 cm depth, one sample was taken in the centre of each plot. Additional soil samples were taken at two locations adjacent to one beech and one spruce plot to assess any lateral movement of the 15 N-tracer out of the labelled plots, down to 60 cm depth.
Soil cores including roots were stored at 7 °C prior to analysis to prevent microbial degradation or respiration of roots, and to allow distinction between living and dead roots during separation from the soil. The procedure comprised careful washing and sorting of roots by species, root diameter classes ≤2 mm, ≥2 to <5 mm and ≥5 mm and soil horizon or sampling layer. Analysis of coarse roots comprised diameter size of ≥5 to <20 mm. During the washing procedure, roots that floated on the water surface and/or were decayed in their structure were defined as dead and were removed. Roots were dried at 65 °C to constant weight prior to dry mass assessment. In the A horizon, ectomycorrhizal root tips as well as bark and wood of coarse roots were analysed to account for tissue-specific N concentration. As approximation for the mycorrhizal fraction of the obligate mycotrophic beech and spruce trees (Smith and Read 2008) , with mycorrhization of roots at the study site amounting to c. 99% (according to R. Agerer, personal observation), mycorrhizal root tips were separated from dried fine roots. This was done by carefully crushing the roots and collecting the readily crumbling, non-lignified material, representing the ectomycorrhizal root fraction. This procedure was feasible since ectomycorrhizal tips or clusters are the first to break apart when attached to long lateral and lignified fine roots resulting in two anatomical and functionally distinct root categories: (i) the ectomycorrhizal root tips (non-woody short roots) and (ii) the remaining woody mother roots (of 1-2 mm in diameter) forming a skeleton of more or less flexible lignified long laterals. In the petri dish, root debris was identified by visual examination and removed to the extent possible. Coarse roots were separated into bark and wood as described for twigs.
Soil moisture was assessed as water content by drying an aliquot of fresh soil of each horizon to constant weight at 105 °C. For N and C measurement of root and soil, one (B horizon below 30 cm) to three (upper horizons and B above 30 cm depth) replicates per horizon or sampling layer and plot were used.
N and C analysis
Plant material (dried at 65 °C) was powdered in a ball mill (model MM2, Retsch GmbH, Haan, Germany) using 4 mm steel balls. Soil material was milled using 10 mm steel balls. For N and C analysis, samples were measured in a stable isotope ratio mass spectrometer (IRMS; Isoprime Ltd., former GV Instruments Ltd., Manchester, UK) connected to an elemental analyser (EA 3000, Euro Vector Instruments and Software, Figure 1 . Protocol of root and soil sampling in 1 m 2 plots. O i and O a represent organic soil layers, A and B represent mineral soil horizons. B was further separated into layers of 10-20 cm width. Five replicates per horizon or layer were taken down to 30 cm depth (a-d), and one sample per layer at 30-90 cm depth (e). For the soil cores in the deeper horizons one replicate consisted of two adjacent cores which were pooled to enhance root biomass for analysis. Samples adjacent to the plots (f) were taken at a distance of 0-10 cm and 20-30 cm from plot border and down to 60 cm.
Milan, Italy). Precision of δ 15 N measurement was ±0.2‰ as based on the laboratory standard.
Calculations N labelled , N total and C/N ratio
The incorporation of labelled N into plant organs or soil was calculated according to Millard and Neilsen (1989) Mariotti 1983 , IUPAC 2002 . Discrimination against 15 N during N uptake and cycling was regarded as negligible. C/N ratio was calculated using the measured concentrations of C and N total per dry mass.
Transpiration per unit of time period
Daily transpiration rates as derived from assessments of xylem sap flow were integrated from the beginning of 15 N labelling in July 2005 through September 2006, the last date of leaf and needle sampling before autumnal leaf fall (Table 1 ). The cumulative transpiration was correlated with the concentrations of N labelled in sun leaves of beech and current-year needles of spruce in September 2006, 16 months after 15 N labelling.
Statistical analysis
Given the verifiable homogeneity in edaphic and climatic terms across the study area, and due to the employed fumigation methodology, the individual study trees were regarded as the replication units. For each compartment and soil horizon, data of N labelled , N total and C/N were submitted to separate general linear mixed models fitted by restricted maximum likelihood. For leaves, needles and buds these models consisted of the factors 'ozone', 'position' and 'sampling date' with all their interactions; and 'ozone' and 'species' regarding soil and roots per each horizon as well as other remaining compartments. In addition to these fixed factors and their interactions, the 'tree individual' was regarded as a random factor when two or more samples per tree were taken-as was the case for most compartments-accounting for the repeated sampling within each tree (e.g., tree crown position, root classes), and the limited number of trees per O 3 regime or species, i.e., n = 3 trees for N labelled and n = 5 for N total or C/N ratio, thus resulting in splitplot designs where repeated measurements were investigated independently. Least square means contrasts were applied in the case of individual comparisons within factors. Tests were performed at a significance level of 5%, using JMP INTRO, Version 5.0.1a (SAS Institute Inc., Cary, NC, USA) and R, Version 2.7.1 (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria).
Results
Nitrogen in leaves/needles and buds
In both tree species, incorporation of newly acquired N labelled into foliage increased from the year of 15 N-labelling (2005) towards the subsequent growing season (2006; Figures 2 and  3 ). As the current leaves and needles had already reached maturity by the time of labelling, the tracer taken up in the first year contributed little to the leaf N. In the second year, N labelled was incorporated in the newly formed foliage. In spruce, needle age classes differed in N labelled during both years in that newly formed needles incorporated more N labelled than did 1-year needles. Effects of the crown position were apparent in both species across all sampling dates, with significantly higher N labelled concentrations in the sun rather than shade leaves/ needles and buds, although the N total concentrations were lower in the sun foliage of each species (P < 0.05, Figures  2-4) . Compared with beech leaves, both N labelled and N total concentrations of spruce needles were lower by ~50%.
Although the variation of leaf N labelled concentrations was high between trees (Figure 2, left) , differences between the O 3 regimes became apparent in beech in the second year, particularly in the sun crown. N labelled concentrations were significantly reduced under 2 × O 3 in July and August 2006 by up to 60% and to a lower extent also in September 2006. However, no difference was observed in leaf litter. Leaf N total concentrations remained unchanged (Figure 2, right) . However, in the leaf litter, N total concentrations were significantly lower under 2 × O 3 in shade leaves.
In spruce needles, the concentration of newly acquired N was not affected by the 2 × O 3 treatment (Figure 3a and b,  left) . In contrast, the N total concentration was significantly lower under 2 × O 3 in both current-and first-year needles at several sampling dates (P = 0.0185 for 1-year needles over all sampling dates; Figure 3a and b, right). However, these differences were not related to O 3 because they had already existed before the onset of the O 3 fumigation and did not show big changes since (Göttlein et al. 2009 ).
N labelled concentrations in buds of both species showed patterns similar to those of leaves and needles, with concentrations in sun buds of beech being significantly reduced by ~50% under 2 × O 3 during the second year (Figure 4a and b) . In contrast, N total in buds was rather enhanced under 2 × O 3 in beech (September 2006) and in spruce (December 2005, and P = 0.0531 over all sampling dates).
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Nitrogen in twigs, stem, phloem and xylem sap and beech fruits
Nitrogen concentrations in other compartments which play a role in N distribution or as N sink are summarized in Figure 5 . In these compartments, N labelled did not differ between species or O 3 regimes. However, within beech, N labelled concentration was reduced under 2 × O 3 in the phloem (P = 0.0213; Figure  5d , left) with a trend similar to that in the bark (Figure 5c , left).
In contrast, N total concentrations in the woody tissues and in the phloem sap were significantly higher in beech than in spruce, with similar trend as in the xylem sap (Figure 5a -e, right). The wood of sun crown twigs had significantly lower N total concentrations in beech than in spruce. Under 2 × O 3 , N total was significantly reduced in the wood of spruce sun crown twigs, and was increased in wood ozone of beech under 2 × O 3 (P = 0.0311).
Correlation between transpiration and uptake of newly acquired N
To test whether differences in N labelled uptake were correlated with water consumption under 2 × O 3 , transpiration rates were compared with leaf N labelled concentrations of respective trees. N labelled of sun crown leaves and needles in September 2006 were linearly related to the cumulative transpiration of tree crowns since the beginning of 15 N labelling from July 2005 through September 2006 (Figure 6 ). Throughout the two study years, the foliage area-related, cumulative transpiration during the growing season was about three times higher in beech compared with spruce (P < 0.0001). In parallel, N labelled in sun leaves was, on average, twice as high as in spruce needles (P = 0.0124, see above). Under 2 × O 3 , beech transpired by around 42% less (P < 0.0026, n = 3-4) and had 49% lower N labelled concentrations in sun leaves (P = 0.0243, n = 2-3) compared with 1 × O 3 (see Figure 2 ). Ozone had no such effect on spruce.
Nitrogen in the soil
N labelled and N total concentrations were highest in the uppermost (humus-rich) horizons and decreased with soil depth (Figure 7) . Tree species only influenced soil nitrogen in the O i and A horizons, with lower concentrations under beech compared with spruce. C/N was generally lower under beech than spruce, significantly differing in the upper B horizon (B −10 ; P = 0.0256). Soil underneath 2 × O 3 -treated trees in both species tended to have higher N labelled and N total concentrations than under 1 × O 3 , being significant at B −10 . Conversely, C/N tended to be reduced, being significant in O a under spruce (P = 0.002).
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Nitrogen in the roots and mycorrhizal root tips
Both N labelled and N total concentrations were highest in fine roots (<2 mm) and lowest in coarse roots (≥5 to <20 mm), and decreased with increasing soil depth in the fine roots of both species, particularly in beech roots <2 mm (Figure 8 ). Root N concentrations appeared to be lower in beech compared with spruce, particularly within the B horizon. These differences reflected different root morphology and age, as in beech individual roots within a diameter class can be suberized and, thus, can be older and less active in N uptake as compared with spruce roots of the same diameter. Although both N labelled and N total concentrations appeared to be slightly lower in roots of both species under 2 × O 3 as compared with 1 × O 3 , there was no significant effect of the O 3 treatment. C/N, however, was significantly higher in fine roots as well as in coarse roots of beech under 2 × O 3 in the B horizon (P = 0.0017 and P = 0.0078, respectively), whereas in spruce, C/N was slightly higher in the root class ≥2 to <5 mm (P = 0.0881) in the O a horizon. Similar to total roots, the bark Ground-level ozone differentially affects nitrogen acquisition and allocation 1265 and wood of coarse roots were significantly different in N status between species (data not shown). N labelled concentrations of these tissues were about three to five times lower, and N total concentrations were lower by ~50% in beech than in spruce.
Ectomycorrhizal root tips exhibited the highest concentrations of N labelled and N total amongst the investigated compartments (Figure 8 ). Beech tended to incorporate more N labelled into mycorrhizae compared with spruce, while N total was significantly higher in beech. Under 2 × O 3 , N total in mycorrhizal root tips of beech was significantly reduced, with the mycorrhizal biomass staying unchanged (data not shown).
Nitrogen-related soil-root differences
N total concentrations positively correlated between soil and fine roots across soil horizons in beech and spruce. Roots tended to become N-saturated with increasing soil N in beech and to some extent in spruce (Figure 9 ). Under 2 × O 3 , N total concentrations of fine roots remained at a lower level in both species (P = 0.0166), as indicated by saturation at low 
Discussion
Are N uptake and allocation in beech and spruce altered by elevated O 3 ?
Less N uptake by both species under 2 × O 3 was indicated through somewhat higher N concentrations in the soil and, conversely, lower N concentrations in the roots across soil horizons and root diameter classes, thus supporting hypothesis (i). In addition, the correlation between N total concentrations in fine roots and soil across horizons indicated lowered N saturation levels under 2 × O 3 , which could not be explained by increased transport to above-ground organs (see below). The lower N supply in deeper soil horizons, also shown by Burke and Raynal (1994) , was not compensated by root internal N translocation. Above-ground, beech and spruce were differently affected. Lower N labelled concentrations in beech leaves, buds, stem and phloem sap under 2 × O 3 indicated impaired N uptake and transport, which appeared to be related to reduced transpiration. In contrast, no such effects were observed in spruce. Beech thus appeared to be affected more strongly in its N uptake by 2 × O 3 , confirming hypothesis (ii).
Reduced N uptake under 2 × O 3 has been found previously in beech ), but not so in spruce (Alexou 2007) , at the same site. In contrast to our findings, studies on Ground-level ozone differentially affects nitrogen acquisition and allocation 1267 . Phloem sap data were taken from two sampling dates (July and September 2006) . In spruce, no seed production occurred during the two study years. Values as means ± SE, with n = 3 trees per species or treatment for N labelled and n = 3-5 for N total (twigs, stem, phloem and xylem sap) or exemplary measurements (fruits: n = 1-2 trees per treatment). Symbols per category are plotted with an offset for graphical reasons. Asterisks indicate significant differences either between species ( 1 ) or O 3 treatment ( 2 ) as main effects at P < 0.05 (*) or 0.01 (**).
northern red oak showed increased root N concentrations in response to elevated O 3 (Samuelson et al. 1996) . The slightly reduced N concentrations in roots and mycorrhizae in the present study may have been induced by altered C allocation and biomass production, as the C sink strength of roots may be increased in order to compensate for reduced N levels in the shoot (Andersen 2003) . Regarding our study site, belowground C allocation appeared in total to be enhanced under 2 × O 3 , as indicated by enhanced soil respiration underneath both species and increased fine root production and number of mycorrhizal root tips in beech , Nikolova et al. 2010 , although standing root biomass in the upper soil (Nikolova et al. 2010 ) and across the rooting zone (Häberle et al. 2012 ) stayed unchanged. In contrast to our study, Zak et al. (2007a) did not find any O 3 -induced change in the soil N concentration. Although N input into the soil may be decreased via O 3 -induced alteration in litter production and chemistry (Liu et al. 2005 , Holmes et al. 2006 , altered N input would be compensated for by the soil fertility at our study site, as shown by an optimal nutritional status of the trees (Göttlein et al. 2012) , and generally high stand productivity (StMLF 2007) . Therefore, the observed pattern of partly reduced N concentrations in roots of both species, and mycorrhizae and aboveground organs of beech under 2 × O 3 suggests impaired N acquisition by both beech and spruce under chronically enhanced O 3 stress. However, allocation patterns of new N differed between species.
In the case of beech, reduced N labelled in leaves correlated with reduced transpiration under 2 × O 3 -at unaffected N concentrations in the xylem sap. This finding is consistent with reduced stomatal conductance as observed in these trees during several years in response to 2 × O 3 (Nunn et al. 2005a , Löw et al. 2006 , Kitao et al. 2009 . Because the N total concentration in beech leaves remained unaffected by enhanced O 3 , as previously found in the same trees , Göttlein et al. 2009 , Kitao et al. 2009 , and remained unchanged also in buds, foliage sink strength at leaf level did not appear to be reduced. Since O 3 is known to reduce primary production in many cases (Matyssek and Sandermann 2003) , lowered N labelled concentrations may reflect a decreased sink strength at the crown level. However, this is quite unlikely to have happened in our experiment because the photosynthesis rate in beech appeared to be affected by O 3 only marginally and inconsistent in time, in contrast to a significantly Ground-level ozone differentially affects nitrogen acquisition and allocation 1269 . Symbols along the y-axes are plotted with an offset for each horizon for graphical reasons, as means ± SE, with n = 3 plots for N labelled and n = 5 for N total . Asterisks indicate significant differences either between species ( 1 ) or O 3 treatments ( 2 ) as main effects at P < 0.05 (*), 0.01 (**) or 0.001 (***). Note that in the B horizon, samples from the different B-layers down to 90 cm depth were pooled for each root class due to low root material. reduced stomatal conductance (Kitao et al. 2009 , Nunn et al. 2005b . Furthermore, no other indications of a sink limitation in the crowns due to O 3 as leaf loss during the summer months, macroscopic leaf injuries or lower leaf densities were observed in the study trees (Häberle et al. 2012) . Rather, compensation by tree-internal N storage pools is suggested as a source for meeting the N demand of the leaves. Lower N total concentration in the leaf litter, along with enhanced C/N in the shade but lowered C/N in the sun crown (P < 0.0001; Table 2 ), suggest O 3 -induced alterations in N retranslocation. The reduced supply of new N to the stem and, conversely, the significantly higher N total concentration in wood ozone under 2 × O 3 , further suggest perturbed N translocation, which is in accordance with findings from mature northern red oak (Samuelson et al. 1996) . Because O 3 treatment accelerated leaf senescence of beech by up to 9 days (Nunn et al. 2002 , 2005b , Gielen et al. 2007 , incomplete N retranslocation might explain the lowered C/N in leaf litter from the sun crown as observed in other deciduous tree species (cf. Lindroth et al. 2001 , Uddling et al. 2005 . Since young beech trees similarly showed reductions in N uptake and new N allocation to leaves under 2 × O 3 (Luedemann et al. 2005) , effects on N equilibrium and tree growth may be considerable in the long term. At our study site, after 8 years of O 3 exposure, a reduction in stem volume increment by on average 44% each year relative to the increment under 1 × O 3 was reported from mature beech (Pretzsch et al. 2010) .
Although negative effects of O 3 on stomatal conductance and photosynthesis were also reported from the spruce trees of the study site (Nunn et al. 2005b , N labelled incorporation into needles was not impaired. Rather, the proportion of new N in N total of spruce needles and Table 2 . Summary of O 3 effects on the tree N status of beech. Arrows mark differences between O 3 treatments: arrows indicate significant differences at P < 0.05; arrows in parentheses indicate trends at P < 0.08; arrows in double parentheses indicate consistency to N concentrations at P < 0.2; tildes indicate no O 3 effect, empty cells indicate missing values.
Twigs total~~~~~~~T wigs wood~~~↓~~(↑) (↑) Twigs bark~~~~~~~S tem wood pre-ozone~~~~~~~S tem wood ozone~~↑~~~( ↓)S tem bark (↓)~~~~~~P hloem ↓~(↓)~~C oarse roots~~~~~~↑ 6M edium roots~~~~~~~((↑)) Fine roots~~~~(↑) 6~↑6M ycorrhizal root tips~~↓~~~((↑))S oil buds tended to be increased under 2 × O 3 in the sun crown, particularly in 1-year-old needles (Table 2) . Thus, needles apparently remained a strong sink for newly acquired N, although N uptake appeared to be slightly reduced under 2 × O 3 (see above). According to Temple and Riechers (1995) retranslocation of N from old-to current-year needles can be increased in response to O 3 . This suggests that there might be increased photosynthesis in young needles to compensate for the O 3 -induced loss of old needles (cf. Maurer and Matyssek 1997) . In addition, since repair and defence processes at the leaf level against O 3 stress (e.g., production of antioxidants) can increase enzyme production and turnover (Andersen 2003) , they may pose an increased demand for new N in the needles. Increased N demand in needles in the spruce trees at our study site was also indicated by enhanced contents of non-structural proteins under 2 × O 3 ).
Differences in O 3 sensitivity between beech and spruce
The allocation of new N to the leaves under 2 × O 3 was influenced more in beech than spruce, as was the reduction of stomatal conductance. In parallel, water consumption was higher in beech, as shown by threefold higher cumulative transpiration over the two growing seasons compared with spruce (P < 0.0001). Beech leaves, as important N sinks (cf. Gebauer and Schulze 1997), supply considerable amounts of N assimilates to other organs, with N labelled and N total concentrations in the xylem sap and particularly in the phloem higher in July and September than in spruce. Reduced allocation of new N to leaves by beech under 2 × O 3 affected the distribution of N assimilates as shown by the lower N labelled concentration in the phloem. In contrast, nutrients in spruce are stored in the long-lived foliage and can be translocated to newly formed tissue, providing the majority of N used for needle growth (e.g., Fife and Nambiar 1984, Millard and Proe 1992) . Needles formed in 2005-the year of N labellingincreased their N labelled concentration in 2006, thus potentially contributing to C assimilation in the second year (Schulze et al. 1977) . Nitrogen uptake in beech under 2 × O 3 also appeared to be influenced by mycorrhizae. The reduced N total concentration in ectomycorrhizal root tips of beech under 2 × O 3 may have resulted from changes in mycorrhizal fungal species composition and increased number of mycorrhizal root tips as found at the study site Kraigher 2007, Haberer et al. 2007) . Conversely, relative to the reduced N total in beech mycorrhizae under 2 × O 3 , N labelled tended to be increased; suggesting mycorrhizae were a higher sink for the new N in response to 2 × O 3 . N labelled concentration of the mycorrhizal root tips was enhanced by a factor of 1.5 (P = 0.012) compared with the corresponding fine roots in beech, whereas in spruce the respective difference was marginal. These differences in beech may be due to partly thicker mantles of beech mycorrhizae relative to the generally smaller fine root diameter of beech compared with spruce (based on the database of ectomycorrhizae in Rambold 2004-2011) , possibly accumulating higher amounts of N, and implying a stronger control of-or dependency on-mycorrhizae for N acquisition (Ellenberg et al. 1986 ). In addition, some mycorrhizal species with particularly thick mantles such as Lactarius subdulcis and Lactarius vellereus appeared to be highly abundant in the studied beech trees, according to Grebenc and Kraigher (2007) . Ozone-induced alteration in mycorrhization may, therefore, additionally affect N uptake in beech more strongly than in spruce (representing further support of hypothesis (ii)). Given the below-ground enhancement in C allocation and the observed changes in new N allocation (in) beech under 2 × O 3 , an increased N sink below-ground may help explain the lowered new N concentrations in above-ground organs.
Conclusions
Based on concentrations of newly acquired N labelled and N total of the studied above-and below-ground compartments, chronically elevated O 3 reduced N acquisition by beech and, to a minor extent, by spruce. The distinct reduction of N labelled allocation to beech foliage under 2 × O 3 was concomitant with a stronger decrease in stomatal conductance and transpiration than in spruce. Therefore, source limitation at the root level with increased below-ground N sink strength, caused by reduced translocation capacity rather than reduced root activity or sink limitation at the crown level, probably explained this O 3 -dependent effect. Although mature trees were moderately affected in their N nutrition by 2 × O 3 , changes in N acquisition and allocation may accumulate in the long term with negative consequences for N storage and tree growth.
Supplementary data
Supplementary data for this article are available at Tree Physiology Online.
